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ABSTRACT: The D3 dopamine receptor is a therapeutic target for
treating various nervous system disorders such as schizophrenia,
Parkinson’s disease, depression, and addictive behaviors. The crystal
structure of the D3 receptor bound to an antagonist was recently
described; however, the structural features that contribute to agonist-
induced conformational changes and signaling properties are not well
understood. We have previously described the conformation-dependent
tolerance and slow response termination (SRT) signaling properties of
the D3 receptor and identified the C147 residue in the second
intracellular loop (IL2) of the D3 receptor as important for the tolerance
property. Interestingly, while IL2 and the C147 residue, in particular,
were important for dopamine- and quinpirole-induced tolerance, this
residue did not affect the severe tolerance induced by the high affinity,
D3 receptor-selective agonist, PD128907. Here, we used D2/D3 receptor chimeras and site-specific D3 receptor mutants to
identify another residue, D187, in the second extracellular loop (EC2) of the human D3 receptor that mediates the tolerance
property induced by PD128907, quinpirole, pramipexole, and dopamine. Molecular dynamics simulations confirmed the distinct
conformation adopted by D3 receptor during tolerance and suggested that in the tolerant D3 receptor the D187 residue in EC2
forms a salt bridge with the H354 residue in EC3. Indeed, site-directed mutation of the H354 residue resulted in loss of
PD1287907-induced tolerance. The mapping of specific amino acid residues that contribute to agonist-dependent conformation
changes and D3 receptor signaling properties refines the agonist-bound D3 receptor pharmacophore model which will help
develop novel D3 receptor agonists.
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The D3 dopamine receptor is one of five dopamine
receptor subtypes and belongs to the “D2-like” dopamine

receptor subfamily that includes the D2 and D4 dopamine
receptors. D3 receptor ligands are clinically efficacious in
treating Parkinson’s disease, schizophrenia, depression and
addictive behaviors, making the D3 receptor an important
therapeutic target.1−4 An antagonist-bound crystal structure of
D3 dopamine receptor was recently published and identified
domains involved in interactions with antagonists.5 Pharmaco-
phore models based on the antagonist-bound D3 receptor
structure while successful at identifying novel high affinity D3
receptor antagonists unfortunately are not ideal for identifying
novel D3 receptor agonists.6 In the absence of an agonist-bound
crystal structure of the D3 receptor, the residues and domains
involved in mediating agonist-dependent conformation changes
in the D3 receptor are less well understood. Furthermore, with
the recent discovery of functionally selective ligands that
produce distinct receptor conformation which direct the

coupling of the receptor to specific signaling pathways, it has
become important to map amino acid residues and structural
domains that contribute to diverse agonist-induced conforma-
tional changes.7 The mapping of residues involved in the
generation of the various receptor conformations induced by
different agonists will help refine the agonist-bound receptor
pharmacophore models. Such pharmacophore models will
facilitate the development of novel functionally selective
agonists.
In the case of the D3 dopamine receptor, we have previously

identified two agonist-induced signaling properties, tolerance
and slow response termination (SRT), which distinguishes the
D3 receptor from the closely related D2 receptors.8 The
tolerance property of the D3 receptor is the progressive
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decrease in receptor signaling function upon repeated
stimulation by classical agonists, including dopamine. The
SRT property is the prolongation of time taken to terminate
the signaling function of the D3 receptor, after removal of the
agonist. The D3 receptor tolerance property is distinct from
classical desensitization as it develops only after the removal of
agonist; there is negligible loss of response in the continued
presence of agonists. We have shown that the tolerance
property is not mediated by D3 receptor internalization,
persistent agonist binding or a change in binding affinity;9

however, the D3 receptor does adopt a distinct conformation
following agonist-induced tolerance.10 More recently, we have
shown that the induction of tolerance and SRT is agonist-
dependent.11 Using chimeric D3-D2 receptors and site-directed
mutagenesis, we have also shown that the D3 receptor
intracellular loop 2 (IL2), and in particular, the C147 residue
is important for the D3 receptor tolerance property.8,9 In the
studies using chimeric D3-D2 receptors, the substitution of D3
receptor intracellular loops with D2 receptor intracellular loops
prevented the induction of the tolerance property; however,
reciprocal chimeras in which D2 receptor intracellular loops
were substituted with D3 receptor intracellular loops failed to
impart the tolerance and SRT properties to the chimeric
receptors.8 This suggested that other domains of the D3
receptor contribute to the agonist-induced tolerance and SRT
properties. In this paper, we systematically investigated the role
of D3 receptor transmembrane 4 (TM4) and extracellular

regions in the induction of tolerance and SRT properties. The
functional studies were performed using electrophysiological
methods that assayed the coupling of human D3 receptors to
endogenous G-protein coupled inward rectifier potassium
(GIRK) channels in the AtT-20 neuroendocrine cells. The
results identified extracellular loop 2 (EC2) and, in particular,
the D187 residue in the D3 receptor as important for the
agonist-induced tolerance property. These studies were coupled
with molecular docking and molecular dynamic (MD)
simulations of wild type, mutant, and chimeric D2 and D3
receptors bound to either quinpirole or PD128907. The results
show that distinct receptor conformations code for the
induction of tolerance properties in the presence of various
D3 receptor agonists. The study provides novel structural
information and identifies residues that are important for
agonist-dependent conformations that determine D3 receptor
signaling properties.

■ RESULTS AND DISCUSSION
Our previous studies on D3 receptor, an inhibitor of adenylate
cyclase and activator of GIRK channels and mitogen-activated
protein kinases (MAPK), have shown that this receptor exhibits
tolerance and SRT when presented with different agonists.8,11

In particular, among the different D2/D3 receptor agonist,
PD128907 induces the most severe tolerance and SRT11 and is
the focus of this paper. The tolerance and SRT properties are
not exhibited by the D2 receptor although the two receptors

Figure 1. Different structural domains determine the D3 receptor tolerance induced by quinpirole and PD128907. Representative whole cell voltage
clamp recordings obtained from AtT-20 cells stably expressing either the human D2S (A and B) or D3 (C and D) dopamine receptors. The cells
were held at −65 mV and inward GIRK currents in 30K-ES induced by 100 nM quinpirole (gray; A, C, and E) or 100 nM PD128907 (black; B, D,
and F) measured. The agonists were applied for ∼60 s at indicated times. Tolerance property defined as the ratio of second/first agonist-induced
GIRK response was determined for quinpirole (E) and PD128907 (F) in AtT-20 cells transiently transfected with either wild type D3 or D2S
receptors or various chimeric receptors. Compared to wild type D3 receptor, quinpirole does not induce tolerance in the D3D2IL2 and D3D2IL23T
chimeric receptors; *P < 0.01, ANOVA (Holm’s-Sidak post hoc test). PD128907-induced tolerance in the D3D2IL23T chimeric receptor is
significantly attenuated compared to wild type D3 receptor or the D3D2IL2 chimeric receptor; #P < 0.01, ANOVA (Holm’s-Sidak post hoc test).
The bars represent the mean values ± SEM (n = 10−12 cells).
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signal through the same pathways and are highly homologous.
We have proposed that the distinct D3 receptor tolerance and
SRT properties might play an important role in physiological
and pathophysiological conditions.9 Under physiological
conditions, we have previously proposed that the D3 receptor,
with its tolerance and SRT properties, functions as a high pass
filter, blocking weak signals and allowing strong signals.12 In
pathological conditions, the D3 receptor tolerance and SRT
properties are likely to be relevant when there are significant
changes in the expression of the D3 receptor due to disease or
chronic treatment. For example, studies have shown that in
animal models of Parkinson’s disease, there is a significant
increase in expression of the D3 receptor in the basal ganglia of
animals exhibiting levodopa-induced dyskinesia.13 We have
proposed that this increase in D3 receptor expression alters
neuronal signaling due to enhanced expression of the tolerance
and SRT properties which might contribute to the dyskinetic
symptoms.9

Agonist-Specific Structural Determinants of D3
Receptor Tolerance Property. Classical D2/D3 receptor
agonists, quinpirole and PD128907, induce tolerance and SRT

properties in D3 but not D2 receptor (Figure 1A-D). Of the
two agonists, PD128907 induces more significant tolerance and
SRT (Figure 1C−F). The acute GIRK response induced by a
maximal dose (100 nM) of quinpirole and PD128907 are
similar (Supporting Information Table 1); this suggests that the
difference in the ability to induce tolerance is not due to
differences in the relative efficacy of the two agonists to activate
the D3 receptor-GIRK channel signaling pathway. We have
previously shown that substitution of D3 receptor IL2 with D2
receptor IL2 (D3D2IL2) abolishes the tolerance induced by
quinpirole in the chimeric receptor (Figure 1E).8 However,
Figure 1F shows that the D3D2IL2 chimeric receptor still
exhibits PD128907-induced tolerance, which is partly attenu-
ated in the D3D2IL23T chimeric receptor. Despite the partial
attenuation, substitution of D2 receptor IL2, IL3, and carboxyl
tail regions with corresponding D3 receptor regions does not
result in the induction of either quinpirole- or PD128907-
induced tolerance (Figure 1E and F). This result suggests that
the extracellular and/or transmembrane regions of the D3
receptor might be important for the induction of agonist-
induced tolerance and SRT properties. The results also suggest

Figure 2. D3 receptor N-terminus and TM4 are not sufficient to impart quinpirole- or PD128907-induced tolerance. Representative whole cell
voltage clamp recordings obtained from AtT-20 cells stably expressing either the D2S chimeric receptor with the N-terminus region of the D3
receptor (A) or the D3 chimeric receptor with the N-terminus region of D2S receptor (B). The cells were held at −65 mV and inward GIRK
currents in 30K-ES induced by 100 nM quinpirole (gray) or 100 nM PD128907 (black) measured. The agonists were applied for ∼60 s at indicated
times. Tolerance property defined as the ratio of second/first agonist-induced GIRK response was determined for quinpirole (C) and PD128907
(D) in AtT-20 cells transiently transfected with either wild type D3 or D2S receptors or various chimeric receptors. Quinpirole- and PD128907-
induced tolerance was significantly different only between wild type D3 receptor and all wild type and chimericD2 receptors; *P < 0.01, ANOVA
(Holm’s-Sidak post hoc test). The bars represent the mean values ± SEM (n = 10−12 cells).
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that the D3 receptor tolerance induced by the two different
agonists is not determined by the same structural domain or by
the same series of agonist-induced conformational steps.
PD128907-Induced D3 Receptor Tolerance Is Medi-

ated by EC2. Compared to the transmembrane regions and
extracellular loops, the extracellular N-terminus region of D2
and D3 receptors is dissimilar with ∼30% identity (Supporting
Information Figure 1). To determine if the N-terminal region
contributes to the agonist-induced tolerance and SRT proper-
ties of the D3 receptor, we constructed chimeric receptors in
which we exchanged the N-terminal regions of the D3 and D2
receptors. The results show that chimeric receptor with the N-
terminus of D3 receptor on D2 receptor (N-D3 D2S) did not
induce quinpirole or PD128907-induced tolerance and SRT
(Figure 2A). In addition, the chimeric receptor with the N-
terminus of D2 receptor on D3 receptor (N-D2S D3) did not
prevent quinpirole or PD128907-induced tolerance (Figure
2B). The results suggest that the N-terminus of D3 receptor is
not involved in agonist-induced tolerance and SRT.
The D3 receptor IL2 is involved in tolerance and is linked to

transmembrane 3 (TM3) and transmembrane 4 (TM4). Of
these two transmembrane regions, TM4 is less conserved
between D2 and D3 receptors (Supporting Information Figure
1). Our recent molecular dynamics studies with D3 receptor
homology models showed large shifts in TM4 when a

tolerance-inducing (PD128907) versus nontolerance inducing
(PBZI) agonist was docked to the D3 receptor;11 therefore, we
investigated the role of TM4 in the tolerance and SRT
properties of the D3 receptor. Figure 2C and D show that
substitution of D2 receptor TM4 with the D3 receptor TM4 in
the D2D3IL123T chimeric receptor did not result in
quinpirole- or PD128907-induced tolerance. There was also
no significant difference in the quinpirole or PD128907-
induced acute GIRK response between the D2D3IL123T and
D2D3IL123T-TM4 chimeric receptors (Supporting Informa-
tion Table 1). These results suggest that the addition of TM4
region of D3 receptor is not sufficient to induce the tolerance
and SRT properties.
We next investigated if the other extracellular regions of the

D3 receptor were necessary for the tolerance and SRT
properties. To determine this, we individually substituted
EC1 and EC2 of the D2 receptor with EC1 and EC2 of the D3
receptor in the D2D3IL123T-TM4 chimeric receptor. The
results in Figure 3 shows that while substitution of D3 receptor
EC1 in the chimeric receptor had no effect on quinpirole or
PD128907-induced tolerance and SRT (Figure 3A, C, and D),
the substitution of D3 receptor EC2 in the chimeric receptor
resulted in a significant PD128907-induced tolerance and SRT
(Figure 3B and D). Interestingly, this chimeric receptor failed
to exhibit quinpirole-induced tolerance and SRT (Figure 3B

Figure 3. D3 receptor EC2 domain specifically imparts PD128907-induced tolerance to the D2D3IL123T-TM4 chimeric receptor. Representative
whole cell voltage clamp recordings in AtT-20 cell transiently transfected with either the D2D3IL123T-TM4-EC1 (A) or D2D3IL123T-TM4-EC2
(B) chimeric receptors. The cells were held at −65 mV and inward GIRK currents in 30K-ES induced by 100 nM quinpirole (gray) or 100 nM
PD128907 (black) measured. The agonists were applied for ∼60 s at indicated times. Tolerance property defined as the ratio of second/first agonist-
induced GIRK response was determined for quinpirole (C) and PD128907 (D) in AtT-20 cells transiently transfected with either wild type D3 or
D2S receptors or various chimeric receptors. Quinpirole- and PD128907-induced tolerance was significantly different between wild type D3 receptor
and all wild type and chimeric D2 receptors; *P < 0.01, ANOVA (Holm’s-Sidak post hoc test). In addition, PD128907-induced tolerance was
significantly different between the D2D3IL12T-TM4-EC2 chimeric receptor and all other receptors shown in panel D; #P < 0.01, ANOVA (Holm’s-
Sidak post hoc test). The bars represent the mean values ± SEM (n = 10−12 cells).
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and C). Results from MD simulations of PD128907-docked
models show that unlike the D2D3IL123T-TM4-EC1 chimeric
receptor, the D2D3IL123T-TM4-EC2 chimeric receptor has a
conformation that is more similar to the wild type D3 receptor
than the wild type D2S receptor (Supporting Information
Figure 2 and Table 2). The quinpirole- or PD128907-induced
acute GIRK response between the D2D3IL123T-TM4-EC1
and D2D3IL123T-TM4-EC2 chimeric receptors was not
significantly different (Supporting Information Table 1).
These results suggest that the EC2 of D3 receptor is specifically
involved in generating a PD128907-induced receptor con-
formation that causes tolerance and SRT in the chimeric
receptor.
PD128907-Induced D3 Receptor Tolerance Is Specif-

ically Mediated by the D187 Residue in EC2. Having

identified EC2 of D3 receptor as important for tolerance and
SRT, we next used site-directed mutagenesis to mutate amino
acid residues that were significantly different between the EC2
of D3 and D2 receptors. There are nine amino acids that are
not conserved between the EC2 regions of D3 and D2
receptors (Supporting Information Figure 1). Of these, five are
completely distinct whereas four are similar in that they have
polar uncharged side chains; for this study we focused on the
five amino acid residues in EC2 that were completely different
between the D3 and D2 receptors. The EC2 amino acid
residues in the chimeric D2D3IL123T-TM4-EC2 receptor were
individually mutated to the corresponding D2 receptor amino
acid residues (Figure 4A). The results in Figure 4B−D show
that only the mutation of the D187 residue in the EC2 of the
chimeric receptor to the corresponding D2 receptor alanine

Figure 4. The D187 residue in D3 receptor EC2 is specifically involved in the PD128907-induced tolerance in the D2D3IL123T-TM4-EC2 chimeric
receptor. (A) Alignment of amino acid sequences comprising extracellular loop 2 (EC2) and part of the transmembrane 5 (TM5) of the human D2S
and D3 receptors. The numbered amino acid residues indicated with asterisks were mutated to corresponding D2 receptor residues in the
D2D3IL123T-TM4-EC2 chimeric receptor. Representative whole cell voltage clamp recordings in AtT-20 cell transiently transfected with either the
D2D3IL123T-TM4-EC2 (B) or D2D3IL123T-TM4-EC2 (D187A) (C) chimeric/mutant receptors. The cells were held at −65 mV and inward
GIRK currents in 30K-ES induced by 100 nM PD128907 (black) measured. The agonists were applied for ∼60 s at indicated times. Tolerance
property defined as the ratio of second/first agonist-induced GIRK response was determined for PD128907 in AtT-20 cells transiently transfected
with either the D2D3IL123T-TM4-EC2 chimeric receptor (WT) or mutant derivatives in which various residues in the EC2 was mutated to
equivalent D2 receptor residues (D). PD128907-induced tolerance was significantly different between the D187A mutant chimeric receptor and all
other receptor in panel D; *P < 0.01, ANOVA (Holm’s-Sidak post hoc test). (E) PD128907-induced tolerance observed in the D2D3IL12T-TM4-
EC2 chimeric receptor was significantly attenuated in the D187A and D187L mutant derivative; *P < 0.01, ANOVA (Holm’s-Sidak post hoc test). In
contrast, PD128907-induced tolerance observed in the D2D3IL12T-TM4-EC2 chimeric receptor was significantly enhanced in the D187E mutant
derivative; #P < 0.01, ANOVA (Holm’s-Sidak post hoc test). The bars represent the mean values ± SEM (n = 8−14 cells).
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residue results in a significant loss of tolerance and a blunted
SRT following PD128907 treatment. This result suggests that
the D187 residue is centrally involved in the induction of
PD128907-induced tolerance property in the chimeric receptor.
Next we determined if a negatively charged residue was

important for the induction of tolerance. To test this, we
mutated the D187 residue to the similarly sized hydrophobic
amino acid, leucine, or an equivalent negatively charged amino
acid, glutamate. The result in Figure 4E shows that mutation of
the D187 residue to leucine resulted in a significant loss of
PD129087-induced tolerance in the D2D3IL123T-TM4-EC2
chimeric receptor. This was consistent with the results obtained
with D187A mutation. Interestingly, the mutation of D187
residue to the negatively charged glutamate residue resulted in a
significantly enhanced PD128907-induced tolerance in the
chimeric receptor (Figure 4E). These results suggest that a
negative charge at position 187 in D3 receptor EC2 is critical
for the induction of PD128907-induced tolerance in the
chimeric receptor.
There was also no significant difference in the PD128907-

induced acute GIRK response between the D2D3IL123T-
TM4-EC2 chimera and the various mutant chimeric receptors
except for the D2D3IL123T-TM4-EC2 (S184A) mutant which
showed a significantly higher acute GIRK response compared
to the other receptors (Supporting Information Table 3). In

addition, we observed that a double mutant construct with the
S182I and S184A mutation did not respond to either
PD128907 or quinpirole (data not shown). These results
suggest that the S182 and S184 residues in the D3 receptor
might play an important role in agonist binding.
In the above studies, the D3 receptor TM4 and EC2 regions

were substituted into a chimeric D2 receptor with all the
intracellular regions of the D3 receptor (D2D3IL123T
chimera). To determine if all intracellular regions of D3
receptor were necessary, we generated a chimeric receptor in
which just the D2 receptor IC2, TM4, and EC2 were
substituted with the D3 receptor IC2, TM4, and EC2 (the
D2-D3IL2TM4EC2 chimeric receptor; Supporting Information
Figure 1). Figure 5A−C shows that the chimeric D2 receptor
with the substituted D3 receptor IC2, TM4, and EC2, was
sufficient to elicit PD128907-induced tolerance and SRT. We
also tested two additional constructs, one in which just the
A187 residue in the D2 receptor EC2 was mutated to the
negatively charged aspartate (present in the D3 receptor) and
another in which the A187D mutation was introduced into the
D2-D3IL2 chimeric receptor. The results in Figure 5D show
that neither the D2A187D mutant nor the D2A187D-D3IL2
chimeric receptor exhibited PD128907-induced tolerance,
suggesting that the point mutation in EC2 and D3IL2 are

Figure 5. D3 receptor IL2, TM4, and EC2 regions are necessary for mediating PD128907-induced tolerance. Representative whole cell voltage
clamp recordings in AtT-20 cell transiently transfected with either the D2D3IL2 (A) or D2D3IL2-TM4-EC2 (B) chimeric receptors. The cells were
held at −65 mV and inward GIRK currents in 30K-ES induced by 100 nM PD128907 (black) measured. The agonists were applied for ∼60 s at
indicated times. Tolerance property defined as the ratio of second/first agonist-induced GIRK response was determined for PD128907 in AtT-20
cells transiently transfected with either the D2D3IL2 or D2D3IL2-TM4-EC2 chimeric receptors. (C) D2D3IL2-TM4-EC2 chimeric receptor
exhibited significant PD128907-induced tolerance compared to the D2D3IL2 chimeric receptor; *P < 0.01, ANOVA (Holm’s-Sidak post hoc test).
(D) PD128907 did not induce tolerance in wild type D2S receptor, D2S A187D mutant receptor, D2SD3IL2 chimeric receptor or the D2S A187D-
D3IL2 mutant/chimeric receptors. The bars represent the mean values ± SEM (n = 6−8 cells).
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not sufficient to impart PD128907-induced tolerance and SRT
to the chimeric D2 receptor.
Differential Role of C147 and D187 Residues in

Tolerance-Induced by Different D3 Receptor Agonists.
We next determined the effect of mutating the D187 residue in
the native non chimeric human D3 receptor and comparing it
to the effect of mutating the C147 residue. The cumulative data
in Figure 6A and B shows that mutation of the D187 residue to
alanine in the intact D3 receptor significantly attenuates
tolerance induced by both quinpirole and PD128907; in
contrast, the mutation of the C147 residue to lysine in the
intact D3 receptor attenuates tolerance induced by quinpirole
but not PD128907. We also tested a double mutant D3
receptor in which both the D187 and C147 were mutated to
alanine and lysine, respectively. The double mutant did not

exhibit quinpirole-induced tolerance but did exhibit PD128907-
induced tolerance (Figure 6A and B). This result suggests that
tolerance induction is a multistep process and involves different
conformations. Interactions of agonists with D187 likely
initiates tolerance induction by quinpirole and PD128907,
but subsequently the two compounds promote different
tolerance-inducing conformations. The results from the double
mutant experiment suggest that the PD128907-induced
tolerance conformation is stabilized by the C147K mutation
such that the D187A mutation does not relieve the tolerance.
There was also no significant difference in the quinpirole- or
PD128907-induced acute GIRK response between the various
mutant D3 receptors (Supporting Information Table 1). We
performed a dose−response study to determine if the potency
of PD128907 at wild type D3 receptor and D3D187A mutant

Figure 6. PD128907- and quinpirole-induced tolerance is not elicited in the D3 D187A mutant receptor. Tolerance property defined as the ratio of
second/first agonist-induced GIRK response was determined for quinpirole (A) and PD128907 (B) in AtT-20 cells transiently transfected with
either wild type D2, D3, D3 C147K, D3 D187A, or D3 C147K+D187A mutant receptors. The tolerance induced by quinpirole (A) in wild type D3
receptor is significantly less than in the D2 receptor and D3 C147K, D3 D187A and D3C147K+D187A mutant receptors; *P < 0.01, ANOVA
(Holm’s-Sidak post hoc test). However, these D3 mutant receptors exhibit quinpirole-induced tolerance when compared to wild type D2 receptor;
**P < 0.05, ANOVA (Holm’s-Sidak post hoc test). The tolerance induced by PD128907 (B) in wild type D3 receptor is significantly attenuated only
in the D3 D187A mutant receptors; *P < 0.01, ANOVA (Holm’s-Sidak post hoc test). However, the D3 D187A mutant receptor exhibits
PD128907-induced tolerance when compared to wild type D2 receptor; **P < 0.05, ANOVA (Holm’s-Sidak post hoc test). The bars represent the
mean values ± SEM (n = 10−12 cells). (C) Comparison of PD128907-induced GIRK dose response curves obtained from whole cell voltage clamp
recording of AtT-20 cells expressing either wild type D3 receptor (open circle) or D3 D187A mutant receptor (filled square). The PD128907-
induced GIRK currents (pA) were normalized for cell size (cell capacitance, pF). The data points were fit with a four-parameter Hill equation. The
bars represent the mean values ± SEM (n = 6−8 cells). (D) Cumulative data comparing the mean tolerance of MAPK activation in AtT-20 cells
transfected with either wild type human D3 or D3 D187A mutant receptors. Cells were pretreated for 1 min with either vehicle (SES) or 200 nM
PD128907, washed 6 times with SES (3 min per wash), and subsequently treated with vehicle (SES) or 200 nM PD128907 for 5 min. The levels of
PD128907-induced phosphorylated MAPK proteins were normalized to the levels of total MAPK proteins. Tolerance was determined by dividing
the 200 nM PD128907-induced phosphorylation of ERK1/2 at 5 min in cells pretreated with 200 nM quinpirole by the 200 nM PD128907-induced
phosphorylation of ERK1/2 at 5 min in cells pretreated with control SES. The wild type D3 receptor expressing cells exhibits significantly reduced
response following PD128907 pretreatment compared to D3 D187A mutant expressing cells (*P < 0.05, Student’s t test). The experiments were
repeated three independent times.
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receptor was significantly different. The results in Figure 6C
shows that EC50 was 40.4 ± 14.6 nM and 14.5 ± 4.5 nM for
wild type D3 and mutant D3 D187A receptor, respectively. The
EC50 values were not statistically different (P = 0.103, Student’s
t test), suggesting that the D187A mutation in the EC2 does
not significantly affect the potency or efficacy of PD128907 for
the D3 receptor.
We have previously shown that the D3 receptor exhibits

quinpirole-induced tolerance property when coupling to the
MAPK signaling pathway. We next determined if the
PD128907-induced tolerance was exhibited in the MAPK
signaling pathway and if this tolerance was attenuated in the
D187A mutant. Results in Figure 6D shows that PD128907-
induced tolerance in the wild type D3 receptor-MAPK signaling
pathway is absent in the D187A mutant D3 receptor. The
results are consistent with our previous studies that D3 receptor
tolerance property is exhibited in multiple signaling pathways
and suggests that the D187A mutation abolishes the tolerance
property exhibited in the D3 receptor-MAPK signaling
pathway.
Quinpirole-induced tolerance is exhibited by the wild type

D3 receptor but not by any of the D2-D3 chimeric receptors in
which most or all of the transmembrane and extracellular
domains are contributed by the D2 receptor, suggesting a
unique conformational change adopted by the D3 receptor in
the presence of quinpirole (Figures 1E, 2A, 2C, and 3C).10 In
the native D3 receptor, the mutation of either the D187 residue
in EC2 or the C147 residue in IL2 resulted in the loss of the
quinpirole-induced tolerance and tolerance-associated confor-
mation (Figure 6A and Supporting Information Figure 3).9 The
results suggest that while the D187 and C147 residues are
required for the quinpirole-induced tolerance, they are not
sufficient. The quinpirole-induced tolerance is likely mediated
by a D3 receptor conformation state that requires cooperation
of other TM and EC regions not evaluated in this study.

Structural superpositioning of D3 receptor D187A mutant
receptor model activated by PD128907 or quinpirole or D3
receptor C147K mutant receptor model activated by quinpirole
shows similar receptor conformations. The average root mean
squared deviation between the various conformations was 2 Ǻ
(Supporting Information Figure 3). The receptor conformation
obtained by superpositioning, most likely represents the D3
receptor conformation associated with attenuated tolerance.
Given the different effects of C147K and D187A mutation on

quinpirole- and PD128907-induced tolerance, we compared the
effect of six additional D3 receptor agonists to induce tolerance
in wild type and mutant D187A D3 receptor (Figure 7). Of the
six agonists tested, ES609 and PBZI do not induce D3 receptor
tolerance whereas dopamine, pramipexole, 7-OH-DPAT, and 7-
OH-PIPAT induce tolerance.11 The results in Figure 7 show
that mutating D187 residue to alanine in the D3 receptor
prevented the tolerance induced by dopamine and pramipexole
but had no effect on tolerance induced by 7-OH-DPAT and 7-
OH-PIPAT. The D187A mutation also did not alter the
inability of ES609 and PBZI to induce tolerance. These results
suggest that while the D187 residue is involved in the tolerance
induced by agonists such as quinpirole, PD128907, dopamine
and pramipexole, it does not affect the tolerance induced by 7-
OH-DPAT and 7-OH-PIPAT. This further suggests multiple
conformation changes involving different residues lead to
induction of D3 receptor tolerance.

PD128907-Induced Tolerance Involves Interaction of
the D187 Residue in EC2 with the H354 Residue in EC3.
PD128907 induces tolerance in wild type D3 receptor and D3
C147K mutant receptor but not in the D3 D187A mutant
receptor (Figure 6B). These functional results were consistent
with the MD simulation studies which showed that the
PD128907-induced conformation in D3 D187A mutant
receptor was significantly different from the PD128907-induced
conformation in wild type and D3 C147K mutant receptor
(Figure 8A). A quantitative comparison of the PD128907

Figure 7. Dopamine- and pramipexole-induced tolerance is not elicited in the D3 D187A mutant receptor. Tolerance property defined as the ratio of
second/first agonist-induced GIRK response was determined for dopamine (100 nM), ES609 (100 nM), cis-8-OH-PBZI (300 nM), pramipexole
(300 nM), 7-OH-DPAT (100 nM), and 7-OH-PIPAT (100 nM) in AtT-20 cells transiently transfected with either wild type D3 (black fill) or D3
D187A mutant (cross hatched) receptors. The tolerance induced by dopamine and pramipexole in wild type D3 receptor is significantly attenuated
in the D3 D187A mutant receptors; *P < 0.01, ANOVA (Holm’s-Sidak post hoc test). The bars represent the mean values ± SEM (n = 5−8 cells).

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn3002202 | ACS Chem. Neurosci. 2013, 4, 940−951947



elicited tolerance-inducing conformation in D3 C147K mutant
and the tolerance-attenuated conformation in the D3 D187A
mutant shows a root mean squared deviation of 5.7 Å with
significant changes in IL2, TM4, EC2, TM5, and IL3 (Figure
8B). While both of these conformations are stable over the time
scale of simulations (Supporting Information Figure 4), a
strong coupled motion of IL2-TM4-EC2-TM5 seems to induce
a conformational change in the D3 D187A mutant receptor
that leads to attenuation of tolerance. Structural super
positioning of conformations induced in wild type D3 receptor
and D187A mutant D3 receptor bound to PD128907 clearly
show marked differences in specific regions of the receptor that
could be associated with tolerance and SRT (Supporting
Information Figure 5). A closer inspection of these
conformations suggest a stretch of residues corresponding to
the c-terminal end of IL2-TM4-EC2-TM5 and EC3 domains as
shown in Supporting Information Figure 5. The IL2-TM4-EC2-
TM5 domain motion seems to be coordinated by the motion of
EC3 loop. In order to investigate this domain motion, we
analyzed the atomic contacts of the D187 residue (which is part
of the IL2-TM4-EC2-TM5 domain). The analysis of the atomic
contacts of the D187 residue in the simulations showed that in
the PD128907-activated D3 wild type receptor and the D3
C147K receptor, the D187 residue forms a salt bridge (∼6.2 Å)
with the H354 residue from the EC3 loop (Figure 8C). The
charge on the residue seems to play a significant role as these
interactions are observed in D187E mutant but are lost in the
D187A/L mutant receptors. Quantitatively, when the D187
residue is mutated to an alanine or leucine residue, the salt
bridge is disrupted and the distance to H354 increases to
∼11.85 Å (Figure 8C). The D187-H354 interaction is
maintained throughout the simulation and during the entire
length of the trajectory suggesting a probable role in locking the
receptor in a tolerance inducible conformation. Even as the
loops move away from each other during the simulation the salt

bridge seems to be maintained by a water molecule. In addition,
D187 forms strong intraloop hydrogen bonded interactions
with the neighboring residues stabilizing the conformation.
The H354 residue in EC3, but not the D187 residue in EC2,

is conserved between the D2 and D3 receptor. To test the role
of D187-H354 interaction in PD128907-induced tolerance, we
mutated the H354 residue in EC3 to leucine. The H354L
mutant D3 receptor failed to elicit quinpirole-induced GIRK
response and elicited a significantly reduced PD128907-
induced GIRK response (Supporting Information Table 1).
In addition, the PD128907-induced GIRK response elicited by
the H354L D3 receptor mutant showed attenuated tolerance
comparable to the D187A D3 receptor mutant (Figure 9).
These results strongly suggest that the H354 residue is
important for quinpirole- and PD128907-induced D3 receptor
activation. In addition, the results support our D187 and H354
salt bridge model as being important for the induction of D3
receptor tolerance property (Figure 8C).
Together, these results suggest that the D187 residue in the

EC2 plays a more important role in the initial conformational
changes than the intracellular C147 residue in mediating the
tolerance to different agonists. Taken together with the results
from our functional studies which showed a loss of PD128907-
induced tolerance in the D187A and D187L mutants (Figure
4D, E and Figure 6B), these results suggest that the D187-
H354 salt bridge might be a signature feature of tolerance-
inducing agonists at the D3 receptor.

■ CONCLUDING REMARKS
Structure−function studies of the extracellular loops of G-
protein coupled receptors (GPCRs) are gaining significance as
their role in ligand binding, and ligand-induced conformational
changes are being evaluated. Biochemical studies using site-
directed mutagenesis studies have demonstrated that residues
that make the extracellular loops participate not only in binding

Figure 8. Structural superpositioning of various D3 receptor models represented as cartoon models detailing structural changes involved in
tolerance-inducing versus noninducing conformations. (A) Superpositioning of PD128907-activated, wild type D3 receptor (cyan), D3 C147K
mutant receptor (blue), and D3 D187A mutant receptor (orange). PD128907 induces tolerance in the wild type D3 and D3 C147K mutant
receptors but not in the D3 D187A mutant receptor. (B) Structural superpositioning of PD128907-activated D3-C147K mutant receptor (blue) and
D3-D187A mutant receptor (orange) show that a majority of conformational changes are in the domain formed by IL2-TM4-EC2-TM5-IL3. (C)
Close-up view of the superposed EC2 loop in PD128907-activated D3-D187A mutant (orange) and D3-C147K mutant (blue) shows that a salt
bridge is formed between D187 and H354 which could be an indicator of tolerance-inducing conformations. The residues D187 and H354 from D3-
C147K model are shown as licorice sticks and colored atom type; C= cyan, N = blue, O = red. A187 and H354 from D3-D187A model are
represented by orange licorice sticks.
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of peptide ligands but also small molecule biogenic amines,
adenosine, prostanoids, and others.14−18 Some of these studies
have demonstrated the role of EC2 in binding ligands and
participating in receptor activation.19,20 The crystal structure of
bovine rhodopsin revealed that the position of the EC2 loop is
within the binding site crevice “capping” the chromophore.21 In
addition, the helix movements associated with activation of
rhodopsin was shown to be coupled to the displacement of
EC2 loop.22 Although the EC2 loops in class-A GPCRs are
variable, the bovine rhodopsin structure provided the first
template to model EC2 of D2 receptor.23,24 This model
provided structural evidence for the role of certain amino acids
in EC2 that participated in binding ligands in D2 receptor
which were previously established using biochemical meth-
ods.18 Our MD simulation studies suggest that the D3 receptor
EC2 loop may also participate in stabilizing the extracellular
end of the receptor in a preferred conformation that is
conducive for binding of certain agonists through interloop
interactions with EC3. Indeed, mutation of the D187 residue in
EC2 or the H354 residue in EC3 resulted in loss of tolerance.
Interestingly, the H354 residue also appears to be important for
agonist-induced receptor activation as mutating this residue
resulted in loss of response to quinpirole and a significant
reduction in response to PD128907. The recent crystallization
of the D3 receptor bound to the antagonist, eticlopride,
demonstrated both an orthostatic binding site within the TM
bundles to which EC2 contributed and the existence of an
allosteric binding site outside the TM bundle to which residues
of the EC2 also contributed.5

Overall, we propose a model in which D3 receptor agonists
such as PD128907 and quinpirole bind and stabilize the D3
receptor in at least two different conformations that induce
tolerance in the receptor as evident from our functional studies.
This tolerance can be attenuated by a single point mutation of
C147K in the IL2 loop for quinpirole, but not PD128907.
However, a mutation of D187A in the EC2 loop of D3 receptor
leads to attenuation of tolerance in PD128907 and quinpirole.

The conformational changes induced in the D3 receptor bound
to both these agonists is distinct, providing structural evidence
for ligand-induced signaling. This is further supported by
double mutant experiments in which a receptor with both D187
and C147 mutated does not elicit quinpirole-induced tolerance
but does induce PD128907-induced tolerance. Furthermore,
while the D187 residue is involved in the tolerance induced by
PD128907, quinpirole, dopamine, and pramipexole, it does not
mediate tolerance induced by 7-OH-DPAT and 7-OH-PIPAT.
This suggests that induction of D3 receptor tolerance can be
mediated by different conformational states that are ligand-
dependent. It is interesting that PD128907 and quinpirole both
bind and elicit an agonist response at D3 receptors with similar
efficacy and their binding mode also maps to same set of
residues in the binding pocket, yet they elicit different
conformational states. This suggests distinct secondary
interactions between the D3 receptor and agonists contribute
to the ability to induce different levels of tolerance and SRT.
We have recently demonstrated the utility of these ligand-
induced conformational changes to design novel D3 selective
agonists that do not induce tolerance and SRT in D3
receptors.11 These novel atypical D3 receptor agonists may
be beneficial in the clinic due to the suggested involvement of
the D3 receptor in Parkinson’s disease, schizophrenia and drug
addiction.1−4

■ METHODS
Cell Culture and Transfection. AtT-20 mouse pituitary cells were

grown in Ham’s F10 medium supplemented with 10% heat-inactivated
horse serum and 5% fetal bovine serum, 2 mM glutamine, and 50 μg/
mL gentamicin (Invitrogen, Carlsbad, CA). AtT-20 cells stably
expressing either human D2S or D3 receptors were cultured in the
above medium, supplemented with 500 μg/mL G418. AtT-20 cells
transiently transfected with wild type, mutant, or chimeric receptors
were cotransfected with a plasmid containing enhanced green
fluorescent protein (EGFP; Clontech, Palo Alto, CA) to identify
transfected cells. AtT-20 cells were transfected using the DMRIE-C
reagent (Invitrogen). Electrophysiological recordings were made 36−
48 h after transfection. For electrophysiological experiments, cells were
plated onto glass coverslips which had been previously coated with 40
μg/mL poly-L-lysine (Sigma, St. Louis, MO) and cultured for 24 h
prior to transfection.

Generation of Chimeric and Mutant D3R. The chimeric and
mutant receptors were generated using a strategy described
previously.8 Briefly chimeric receptors and receptors with point
mutations were generated by ligating together DNA fragments that
were generated using PCR. The PCR was performed with multiple
primer pairs that encoded amino acids found at the junction of
swapped regions. The cDNA encoding the wild-type and chimeric
receptors were subcloned in the pcDNA3 expression plasmid
(Invitrogen). The various regions swapped in the different chimeric
receptors are shown in Supporting Information Figure 1. All
recombinant plasmids were characterized by restriction enzyme
analysis and DNA sequencing to verify that no spurious changes
were introduced in the entire receptor-coding region. All plasmids
used for the transfection studies were purified on two sequential
cesium chloride density gradients.

Electrophysiology, Agonists, and Solutions. For electro-
physiological experiments, AtT-20 cells were perfused with standard
extracellular solution (SES-145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1
mM MgCl2, 10 mM HEPES (pH 7.4), and 10 mM glucose). Agonists
(dopamine, quinpirole, cis-8-OH-PBZI (Sigma), PD1289207, 7-OH-
DPAT, 7-OH-PIPAT, pramipexole (Tocris, Ellisville, MO), and ES609
(Asinex, Durham, NC) were diluted in SES plus 30 mM potassium
(30K-ES) to enhance inwardly rectifying currents. Drugs and solutions
were applied to cells with a multibarreled micropipet array. Cells were
held at −65 mV and whole cell voltage clamp recording performed as

Figure 9. Comparison of PD28907-induced tolerance in the GIRK
response elicited by the EC2 D187A and EC3 H354L D3 receptor
mutants. The tolerance induced by 100 nM PD128907 in wild type D3
receptor is significantly attenuated in the D3 D187A and D3 H354L
mutant receptors; *P < 0.01, ANOVA (Holm’s-Sidak post hoc test).
However, both mutant receptors exhibit PD128907-induced tolerance
when compared to wild type D2 receptor; **P < 0.05, ANOVA
(Holm’s-Sidak post hoc test). The bars represent the mean values ±
SEM (n = 10 to 15 cells).
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described previously.8 The recording glass micropipets were filled with
intracellular solution containing 130 mM K-aspartate, 20 mM NaCl, 1
mM MgCl2, 10 mM HEPES (pH 7.4), 10 mM glucose, 0.1 mM GTP,
5 mM Mg-ATP, and 1 mM EGTA.
Data Analysis. Currents were measured using an Axopatch 200B

amplifier (Axon Instruments, Union City, CA) and sampled through a
Digidata 1322A interface (Axon Instruments) using the pClamp8.0
software (Axon Instruments). Data files were imported into SigmaPlot
(SPSS Inc., Chicago, IL) for analysis and display. SigmaPlot was also
used to perform analysis of variance and posthoc comparison tests on
relevant data. Data were considered statistically different when
probability was <0.05.
Detection of ERK Phosphorylation. For the MAPK studies,

AtT-20 cells were grown in 12-well plates until 80% confluency and
then transfected with plasmids expressing either wild type D3 receptor
or D187A mutant D3 receptor as described above. Forty eight hours
after transfection, the cells were incubated in Opti-MEM serum-free
medium for 3 h prior to treatment. The cells were then pretreated with
200 nM PD128907 or SES for 1 min, followed by 6 SES washes with
each wash being of 3 min duration. Subsequently, the cells were
treated with SES or 200 nM PD128907 for 5 min and lysed. Equal
amount of lysates were run on an SDS-polyacrylamide gel and
detected using Western blotting as described previously.9 Activated
(phosphorylated) ERK1 and ERK2 were first detected using
monoclonal phosphop44/p42 MAPK antibody (1:1000 dilution;
Cell Signaling Technology, Danvers, MA). Following the detection
of phosphorylated proteins, the membrane was stripped and reprobed
to detect total ERK1/ERK2 proteins. Total ERK proteins were
detected using a polyclonal antibody (1:1000 dilution; Cell Signaling
Technology). Cumulative data was obtained from three independent
times with comparable results.
Molecular Modeling and Docking Simulations. The crystal

structure of D3 receptor in complex with the antagonist, eticlopride,
solved to 2.89 Å was obtained from Protein Data Bank (PDB code:
3PBL).5 The three-dimensional coordinates of D2R, D2-D3 chimeric
receptors and D3-D187A, D3-D187E, and D3-D187L mutant
receptors were homology modeled using the crystal structure of D3
as a template to the program Modeler.25 The resulting structures were
minimized and subject to constrained molecular dynamics simulation
to remove steric clashes. Further, PD128907 and quinpirole were
docked to the binding pocket of wild type D3, D2 receptors, chimeric
receptors and mutant receptor models using GOLD program.26 Fifty
independent docking simulations were performed to completely
sample the receptor and ligand conformations. The best ranking
docked complexes of PD128907 and quinpirole with wild type and
mutant D3, D2 receptors were subject to molecular dynamics
simulations. All simulations were performed using an explicit 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine lipid bilayer/water
model membrane system adopted in the Desmond module27 of the
Schrödinger suite program. The model membrane was prealigned to
the β2-adrenegic receptor crystal structure template, and default
parameters with all-atom OPLS (optimized potentials for liquid
simulations) force field were utilized for all the simulations. To
completely refine the docked models, a molecular dynamics simulation
of 25 ns that included routines for minimization, heating, equilibration,
and production was followed.5 We have previously shown that the D3
receptor tolerance develops only after the agonist is washed off;8−11

therefore, in the simulations, the ligand was removed from the
production phase of the simulation. Simulation trajectories were
analyzed using trajectory analysis modules in VMD program.28
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